
FIRE IMPACTS ON FOREST SOILS: A COMPARISON TO 
MECHANICAL AND CHEMICAL SITE PREPARATION 

Daniel G. Neary 
u.s. Department of Agriculture, Forest Service, Rocky Mountain Research Station, 2500 South Pine Knoll Drive, 
Flagstaff, AZ 86001 

Leonard F. DeBano and Peter F. Ffolliott 
University of Arizona, School of Renewable Natural Resources, 325 Biological Sciences East, Tucson, AZ 85729 

ABSTRACT 

People have used fire since ancient times. In modern times, fire has been used in combination with or in place of mechanical methods 
and herbicides. The impact of fire on forest soils is a function of the severity produced by the duration, temperature, and thermal flux 
during combustion. Although most site preparation fires are of medium to low severity, localized zones of high severity can occur. 
Fires and other site preparation tools can affect the physical, chemical, and biological properties of soil systems in complex and varying 
ways, depending on severity of treatment, vegetation type, soil type and condition, slope,. topography, climate, and area affected. 
Although fire has a low economic cost, its use needs to be evaluated within the context of the natural role of fire in each forest 
ecosystem, the silvicultural objectives, and the potentially beneficial and adverse impacts to soils and other ecosystem resources. 
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INTRODUCTION 

Forest and wildland managers have a variety of 
techniques available for control of woody and herba
ceous vegetation that span a considerable range of eco
nomic costs, effectiveness, operator skill requirements, 
safety levels, and environmental impacts. Both inten
sive (yellow pine silviculture in the southern United 
States) and extensive (wilderness in the western United 
States) land management strategies use some form of 
vegetation management. These apparently divergent 
strategies employ vegetation management directly or 
indirectly to: (1) unprove site conditions (light, soil 
moisture, soil physical properties, and nutrient avail
ability) for tree growth; (2) reduce competition that 
hinders plant vigor; and (3) reduce forest floor and 
understory fuels (Neary etal. 1984). Vege~tion man
agement techniques can be grouped into 5 basic types: 
mechanical, manual, chemical, biological, and fire. 
Fire is the oldest of·these tools and was operative in 
shaping ecosystems long before humans discovered its 
uses in manipulating plants and the animals associated 
with them (Pyne et al. 1996). Manual and biological 
(grazing) techniques were developed and added to the 
list of vegetation management tools as human civili
zation developed. The advent of the industrial revo
lution, the development of fossil fuel powered ma
chinery, and advances in the science of chemistry add
ed mechanical and chemical vegetation control tech
niques. Throughout this development sequence, the 
use of fire has continued both alone and in combina-
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tion with the other 4 vegetation management tech
niques. 

In less developed and developing countries, fire, 
manual methods, and grazing remain the primary veg
etation management tools (Pyne et al. 1996). In the 
developed, industrialized countries, mechanical and 
chemical methods, sometimes in combination with 
fire, predominate. During much of the twentieth cen
tury, the use of vegetation management methods in 
forestry has been dictated by economic, efficacy, op
erator skill, and safety considerations. In the past 3 
decades, the role of fire in forest ecosystem develop
ment and management, and the environmental impacts 
of vegetation management techniques, has come under 
considerable scientific review. One area of focus for 
this scientific scrutiny is sustainability. Since soils, and 
the processes that occur in the soil, form the founda
tion of forest sustainability (Powers et aI. 1990), it is 
important to have a good understanding of the effects 
of vegetation management on the soils of forest eco
systems. 

Physical, chemical, and biological processes in the 
soil are critical for meeting plant demands for water 
and nutrients. Root dynamics and physiology, biogeo
chemical. cycling, microbial, hydrologic, and thermal 
processes that regulate nutrient storage and flux and 
the soil's ability to hold water and nutrients contribute 
to terrestrial ecosystem sustainability. These below
ground processes, functions, and organisms are nec
essary to maintain aboveground ecosystem structure 
and function (Neary et al. 1999), By understanding 
how fire and mechanical and chemical site preparation 
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affect specific components of below ground ecosys
tems, it is possible to obtain some understanding of 
how these disturbances can affect overall ecosystem 
sustainability. 

Soils are the location for many of the fundamental 
processes and mechanisms, such as hydrologic and 
biogeochemical cycling, that underlie large-scale eco
system behavior. They contain a wide array of organ
isms ranging from bacteria, nematodes, fungi, and cy
anobacteria to earthworms, ants, termites, and rodents. 
Soils also provide a nutrient and hydrologic reservoir 
crucial for the survival of both below- and above
ground organisms. Many soil processes help determine 
aboveground structure and function. Disruption of the 
below ground component may have immediate and 
long-lasting consequences for the whole ecosystem 
(Perry et al. 1989). Despite the overall importance of 
soils to the biosphere, a relatively limited amount of 
research has been directed toward understanding the 
sustainability of below ground systems in the presence 
of natural or anthropogenic disturbances. One of the 
most common, but potentially devastating, perturba
tions of ecosystems is fire. However, other disturbanc
es, such as mechanical site preparation and chemical 
weed control, frequently have been substituted in mod
em forestry for fire to obtain silvicultural objectives. 

The objective of this paper is to evaluate the im
pact of the most commonly used forest vegetation 
management techniques (mechanical and chemical) on 
forest soils in contrast to fire. To accomplish this, we 
will focus on intensive pine silviculture in the southern 
United States. There is more information on the im
pacts of all 3 vegetation management techniques from 
that region, and the severity of impacts is likely to be 
the greatest because of the short-term, repetitive nature 
of site preparation in the South. However, some ex
amples from other forest ecosystems will be used. Our 
review discusses some of the major consequences ,of 
fire, mechanical disturbance, and herbicide use on be
low ground systems and the implications of these im
pacts for overall forest ecosystem sustainability. 

SEVERITY SPECTRUM 

All disturbances produce impacts on forests. The 
level and direction of impact (negative or positive) de
pend on: (1) goals and objectives for land manage
ment, (2) ecosystem resistance and resilience, and (3) 
the severity of the disturbance. Severity is an important 
concept to consider since it occurs along a spectrum 
that mayor may not occur on the same site. 

Fire 

As a physical-chemical process, fire produces a 
spectrum of severities that depends on the interactions 
of energy release during burning (intensity), duration, 
fuel loading and combustion, vegetation type, climate, 
slope, topography, soil, and area burned. Fire produces 
easily visible physical, chemical, and biological im
pacts on forest soils. Severity is basically a qualitative 
measure of the effects of fire on soil and site resources 

although some aspects can be quantified (Hartford and 
Frandsen 1992). The impact on and response of forest 
ecosystems can occur on a spectrum from high to low, 
or can be viewed as a chaotic matrix or patchwork, 
having areas of high and low impacts. The ability to 
describe or predict impacts of fire on ecosystems is 
frequently confounded by inconsistent scientific data 
often obtained over a limited range of fire severities 
and/or ecosystem types. 

Fire intensity is an integral part of fire severity but 
is often confused with severity. Intensity refers to the 
rate at which a fire is producing thermal energy in the 
fuel-climate environment in which it occurs (DeBano 
et al. 1998). Intensity can be measured in terms of 
temperature and heat yield. Temperatures in wildland 
forest fires can range from 50o-2,200°C, and heat 
yields can be as little as 260 kilogram-----<::alories per 
square meter or as high as 10,033 kilogram-----<::alories 
per square meter (Pyne et al. 1996). Rates of spread 
are indices of fire duration, and can vary from 0.5 
meters per week in smoldering peat fires to as much 
as 7 kilometers per hour in large, flaming wildfires. 
The intensity produced by any fire is an integration of 
the fuel conditions and climatic conditions that precede 
ignition. Fuel loadings, referring to aboveground plant 
biomass and organic matter accumulation, range from 
< 1 metric ton per hectare in grasslands to >400 metric 
tons per hectare in dense woodland and forest stands. 
Fuel moisture and organic constituents playa promi
nent role in the rate at which fires release thermal en
ergy. Finally, fire severity is determined by the inter
actions of climate conditions such as temperature, rel
ative humidity, antecedent rainfall, and wind. Other 
conditions such as slope, topography, altitude, soils, 
and fire size may further modify ecosystem impacts 
produced by fire. 

The component of fire severity that results in the 
most damage to forest soils, and hence ecosystem sus
tainability, is duration. Fast-moving fires in fine fuels, 
such as grass, may be intense in terms of energy re
lease per unit area, but do not transfer the same 
amounts of heat to the forest floor, mineral soil, or soil 
organisms as do slow-moving fires in moderate to 
heavy fuels. The impacts of slow-moving, low- or 
high-intensity fires on soils are much more severe and 
complex and hence are not as easily envisioned as they 
are aboveground. 

As mentioned above, some aspects of fire severity 
can be quantified, but severity cannot be expressed as 
a single quantitative measure that relates to resource 
impact. Therefore, relative magnitudes of fire severity, 
expressed in terms of the postfire appearance of litter 
and soil, are better criteria for placing fire severity into 
broadly defined discrete classes ranging from low to 
medium to high fire severities. For example, a general 
fire severity classification was developed by Hunger
ford (1996) to relate fire severity to the soil resource 
response (Table 1). 

Mechanical Site Preparation 

The level of severity of mechanical site prepara
tion depends on the method, type of machinery used, 
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Table 1. Fire severity classification based on postfire appearances of litter and soil, and soil temperature profiles (Hungerford 1996, 
DeBano et al. 1998). 

Soil and litter parameter Low 

Litter 
Duff 

Scorched, Charred, Consumed 
Intact, Surface Char 

Woody Debris-Small 
Woody Debris-Logs 
Ash Color 

Partly Consumed, Charred 
Charred 

Mineral Soil 
Soil Temperatures at 1 centi

meter 
Soil Organism Lethal 

Temperatures 

Black 
Not Changed 

To 1 centimeter 

number of passes by equipment, soil type and moisture 
conditions, and degree of soil disturbance (Table 2). 
Repeated passes by equipment (>2 times) will in
crease the severity of mechanical damage, especially 
on fine textured soils that are wet (Greacen and Sands 
1980, Froelich and McNabb 1984). Mechanical site 
preparation produces easily visible physical effects, 
but its chemical and biological impacts are more sub
tle. 

Herbicides 

Herbicides do not produce any visible physical or 
chemical effects on forest soils. While biological ef
fects on target plants are readily visible, impacts to soil 
biological processes are very subtle. The severity of 
chemical site preparation impacts on forest soils is a 
function of the type of herbicide, the application rate, 
application frequency, and application system. Impact 
severity classes under normal application conditions 
cannot be readily developed because the use of this 
site preparation method does not immediately produce 
impacts on forest soils that can be construed as having 
any sort of severity range. Severe effects on forest 
soils can be generated by repeated applications of per
sistent chemicals, but such applications do not fall 
within the normal scope of the site preparation prac
tice. 

SOIL IMPACTS 

Fire, mechanical, and chemical site preparation 
produce physical, chemical, and biological changes to 
forest soils that can be both beneficial and detrimental 

Table 2. Grouping of basic mechanical site preparation meth
ods, type of soil disturbance, and potential treatment severity. 

Mechanical 
site 

preparation 

Chopping 
Ripping 
Disking 
Bedding 
Scalping 
Shearing and 

Piling 

Type of soil disturbance 

Indentations 
Narrow incisions up to 1 meter deep 
Mixing of the surface soil layers 
Mixing of tITe surface soil layers 
Removalof litter and soil in spots 
Scraping of topsoil into rows 

Potential 
severity 

Low 
Low 
Medium 
Medium 
Medium 
High 

Fire severity 

Moderate 

Consumed 
Deep Char, Consumed 
Consumed 
Charred 
Light Colored 
Not Changed 

To 5 centimeters 

Consumed 
Consumed 
Consumed 

High 

Consumed, Deeply Charred 
Reddish, Orange 
Altered Structure, Porosity 

To 16 centimeters 

to site productivity and long-term sustainability. These 
impacts are briefly contrasted as follows. 

Physical 

Removal or reduction of forest floor cover is an 
important consideration for the maintenance of water
shed function, nutrient supply, and biological function. 
Vegetation management techniques that alter the phys
ical characteristics of soils can in tum affect both hy
drologic function and site productivity (Neary and Mi
chael 1996). Fires can leave soils bare of forest floor 
material and therefore subject to raindrop impact, run
off, and erosion (Table 1). Small zones of high fire 
severity may occur within the boundaries of prescribed 
fires where decaying stems or slash accumulations 
bum. However, overall, most prescribed fires fall into 
the low fire-severity category, so the impact is low. In 
some soils and vegetation types, hydrophobic layers 
can develop following fires, causing excessive runoff 
and erosion (DeBano 1981). This problem occurs 
mainly on steep slopes. 

Mechanical site preparation can have variable ef
fects on the forest floor (Table 2). Vegetation control 
by mechanical methods usually leaves larger areas of 
bare soil than does harvesting, thus increasing the 
amount of runoff and erosion. Large amounts of the 
forest floor and nutrient-rich surface soil horizons can 
be displaced during mechanical site preparation. Al
though this material is not removed off-site, displace
ment into windrows or slash piles can result in net 
nutrient losses across much of the plant rooting zone 
(Morris et al. 1983). Herbicides do not affect the in
tegrity of the forest floor or increase the amount of 
bare soil left after logging (Neary and Michael 1996). 

The porosity, structure, bulk density, and moisture 
content of forest soils can be affected by site prepa
ration. Prescribed fires do not cause any significant 
impairment or improvement of these parameters since 
these fires are mainly of low to moderate severity (Ta
ble 1). Isolated impairment can occur under slash piles 
mainly through thermally induced changes in soil 
structure. Mechanical site preparation can (and often 
does) alter soil bulk density and porosity. In some in
stances (bedding and disking), it improves structure, 
thereby resulting in decreased bulk density and in
creased porosity, infiltration rates, and soil moisture in 
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Table 3. Estimates of sediment loss by landscape type and vegetation management treatment in intensively managed forests of the 
southern United States (from Maxwell and Neary 1991). 

Vegetation management erosion rates-1st year posttreatment 

Moderate Severe 

Natural Fire or Chop Fire Heavy 
Southeastern United States 

land type 
erosion herbicides pile rake/bed disking 

----------------------- Metric tons per hectare per year -----------------------

A. Coastal Plain Rolling Uplands 
Upper Hills 
Loess Uplands 
Flatwoods 
Sand Ridges 

B. Piedmont 
Piedmont 

0.045 
0.024 
0.134 
0.022 
0.022 

0.044 

some locations. Mechanical site preparation can dam
age soil structure, depending on soil textures and mois
ture, preparation techniques, type of equipment, and 
operator skill (Stransky 1981, Slay et al. 1987). Com
paction associated with.repeated vehicle traffic on wet 
clay- or silt-textured soils, during either harvesting or 
site preparation, reduces soil macroporosity. The result 
is reduced rooting volumes and moisture storage ca
pacity. Both affectplants'ability to obtain water and 
nutrients necessary to sustain productivity, thus reduc
ing growth in subsequent rotations (Ballard 1978). 
However, on sites with extremely coarse-textured soils, 
compaction can increase the percentage of small di
ameter pores and result in more water being retained 
in the soil. Except for some compaction from ground 
application equipment, herbicide applications do not 
adversely affect soil physical properties. 

Erosion of forest soils following site preparation 
is a concern not only because of reduced sustainability 
on a site, but also because of adverse impacts on water 
quality. In the southern United States, natural erosion 
rates from forested watersheds are usually low, at 
<0.11 metric tons per hectare per year, but can range 
up to 0.22 metric tons per hectare per year (Maxwell 
and Neary 1991). However, the disturbances that ac
company forest harvesting and site preparation, espe
cially road construction, can increase erosion. In some 
physiographic regions with highly erosive soils, sedi
ment yields after cutting and mechanical site prepa
ration for vegetation management have increased tem
porarily by as much as 278-fold, up to the range of 9-
14 metric tons per hectare (Riekerk et al. 1989). In 
other physiographic regions of the South, erosion fol
lowing even mechanical site preparation is very low 
(Riekerk 1983). A comprehensive analysis of sediment 
production from forests of the southern United States 
was conducted by Marion and Ursic (1993). They ex
amined data sets from 37 watersheds ranging in area 
from 1~2,266 hectares and representing 189 years of 
records. Marion and Ursic (1993) concluded that post
harvest vegetation control with herbicides did not el
evate sediment losses above natural rates of erosion. 
Burning created a sediment loss problem only in steep
sloped Coastal Uplands. Sediment produced by vege
tation control techniques in the region originated main-

0.040 0.061 0.303 1.211 
0.090 0.134 0.672 2.691 
0.133 0.296 0.999 3.994 
0.010 0.015 0.074 0.296 
0.017 0.025 0.123 0.492 

0.165 0.247 1.237 4.949 

ly from soil-disturbing mechanical methods on previ
ously eroded soils or steep terrain. This source of sed
iment was particularly noteworthy in the Piedmont and 
Coastal Uplands, where average annual sediment con
centrations from mechanical site preparation were 17-
to 43-fold greater than natural background concentra
tions. 

As part of a regional vegetation management en
vironmental impact analysis, 27 representative water
sheds in different National Forests of the southern 
United States, covering all physiographic regions, 
were evaluated to determine the effect of vegetation 
management on sediment yields (Maxwell and Neary 
1991). It was concluded that forest harvesting has the 
potential to increase sediment production 1-13% 
above natural rates. Current low-intensity, postharvest 
vegetation management operations (moderate pre
scribed fire, light mechanical preparation, herbicides, 
or combination treatments) can increase sediment loss 
by another <1-7% (Maxwell and Neary 1991). Use 
of high-impact mechanical vegetation control methods 
could increase sediment loss on portions of watershed 
units by 1-2 orders of magnitude (Table 3). By com
parison, roads (usually the largest and most constant 
source of sediment) account for sediment yield in
creases from 2-156% of the natural erosion rate. Max
well and Neary (1991) concluded that the impact of 
vegetation management techniques on erosion and sed
imentation of water resources is herbicides < fire < 
mechanical. They also concluded that the sediment 
losses from erosion during inter-rotation vegetation 
management could be sharply reduced by using her
bicides and moderate burning instead of mechanical 
methods and heavy burning. Another analysis by 
Neary and Michael (1996) backs up this conclusion. 

Chemical 

Organic matter is important to the· functioning of 
forest soils not only from the physical viewpoint, but 
also from the standpoint of soil chemistry. Powers et 
al. (1990) discussed the importance of organic matter 
to forest productivity through its function of supplying 
nutrients, augmenting mineral cation exchange capac
ity, improving soil structure, and chelating metal cat-
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ions. Mter harvesting, the main losses of organic mat
ter result from accelerated decomposition, erosion, ox
idation in fires, residue displacement by mechanical 
site .. preparation, or reduction in new organic matter 
recruitment (e.g., litterfall and fine root turnover). 
Since organic matter in the forest floor and surface 
horizons of the mineral soil are major nutrient reser
voirs in forest ecosystems, especially for nitrogen (N) 
and boron (McColl and Powers 1984 ),additionalloss
esduring vegetation management are a concern. The 
proportion of organic matter pools in the soil (includ
ing litter) generally decreases going from boreal (68%) 
to tropical (45%) forest ecosystems (Van Cleve and 
Powers 1995). The total amount of soil and litter stor
age of carbon is about equal in boreal and tropical 
forests (182-185 metric tons per hectare), and about 
1.8 times greater th~ mid-latitude forests such as in 
the South (104 metric tons per hectare). Low rates of 
litterfall in boreal forests are offset by slow decom
position rates. The reverse occurs in tropical forests. 

Fire can have a major effect on organic matter 
depending on its severity and duration (Table 1). Pre
scribed fires generally do not achieve the severity level 
needed to completely consume organic matter in the 
forest floor or surface mineral horizons, although iso
lated high-severity spots may occur. Smoldering fires 
in organic soils may not initially appear to be severe 
but can consume large amounts of organic matter 
(Hungerford et al. 1995). Organic matter oxidation in 
fires not only affects nutrient pools, but can also affect 
soil moisture that is critical for ion flux to plant roots, 
nitrogen fixation, and mycorrhizal development (Jur
gensen et al. 1990, Neary et al. 1990, DeBano et al. 
1998). Mechanical site preparation can result in sub
stantial incorporation of organic matter in the forest 
floor into the surface mineral horizons. That process 
is mainly positive for site productivity and long-term 
sustainability. The most important negative effects of 
mechanical site preparation relative to organic matter 
occur from displacement in windrows or slash piles 
and erosional losses (Morris et al. 1983). Large 
amounts of the forest floor and nutrient-rich surface 
soil horizons can be concentrated into windrows or 
piles during mechanical site preparation. In a study of 
soil and organic matter displacement after blading and 
windrowing, Morris et al. (1983) found that 180 metric 
tons per hectare of soil and organic matter were pushed 
into the windrows. Although this material was not re
moved off-site, the displacement resulted in significant 
nutrient losses from the microsites where trees from 
the subsequent rotation were planted. Ballard (1978) 
reported the same phenomenon. Chemical site prepa~ 
ration with herbicides does not result in any major loss 
of organic matter from forest soils. Some increases in 
oxidation rates may' occur from changes in temperature 
and moisture conditions in the forest floor, but no ma
jor reductions in organic matter mass are likely to hap
pen, and increased erosion is rare (Neary and Michael 
1996). 

Nutrient changes after burning have been docu
mented by a number of investigators (Wells 1971, 
Wells et al. 1979, McKee and Lewis 1983, and De-

Table 4. Organic matter and nutrient contents in the forest floor 
with annual, biennial, and triennial burning, Alapaha Experimen
tal Range, GA (McKee and lewis 1983). 

Or-
Burning ganic 
treat- matter N P Ca K Mg 
ment ---------- Metric tons per hectare -----------

Control 66.9 0.576 0.019 0.095 0.017 0.027 
Annual 15.2 0.109 0.004 0.027 0.003 0.004 
Biennial 7.1 0.052 0.002 0.013 0.002 0.003 
Triennial 12.5 0.084 0.004 0.022 0:003 0.004 

Bano et al. 1998). The impacts are generally not major 
unless burning is frequent and fire severity is high. 
Prescribed fire often has a stimulatory effect on plant 
growth due to mineralization of nutrients sequestered 
in organic material (DeBano et al. 1998). McKee and 
Lewis (1983) measured. significant declines in the N, 
phosphorus (P), potassium (K), magnesium (Mg), and 
calcium (Ca) contents of the forest floor beneath a lob
lolly pine stand with 40 years of annual, biennial, and 
triennial burning (Table 4). However, the nutrient con
tent of the surface 18 centimeters of the mineral soil 
increased 18% (P) to 100% (Ca). Understory growth 
was stimulated (Lewis et al. 1982), and pine growth 
was not affected. 

Soil and forest floor material displacement pro
duced by mechanical site preparation can result in net 
nutrient losses of 80-90% of the stand equivalent, or 
2-5 times that of whole tree harvesting (Ballard 1978, 
Morris et al. 1983, Tew et al. 1986). In the previously 
mentioned study by Morris et al. (1983), 24% (N) to 
64% (P) of the nutrient reserves remaining on-site 
were concentrated onto about 5% of the harvested 
stand's area (Table 2). This type of nutrient displace
ment (loss) is of particular concern for intensive plan
tation forestry sustainability on nutrient-poor soils. 
Early effects on the productivity of the next tree ro
tation may not be apparent due to compensating mech
anisms such as the control of herbaceous weeds, use 
of improved genetic material, improved porosity, and 
reduced transpiration. However, distinct declines in the 
productivity of succeeding stands of 20-30% have 
been documented after intensive mechanical site prep
aration involving windrowing (Ballard 1978, Swindel 
et al. 1986, Tew et al. 1986, Fox etal. 1989, Dyck and 
Skinner 1990). 

Table 5, from Neary et al. (1984, 1990), illustrates 
the impact of low-severity mechanical site preparation 
(chop-herbicide, chop-burn), medium-severity me
chanical site preparation (careful windrow), and high
severity mechanical site preparation (careless wind
row) on N balances in Coastal Plain andPiedmortt 
sites of the southeastern United States. Organic matter 
displacement in windrows can have a major effect on 
sustainability. Ballard (1978) reported reductions in 
the volume of second~rotation Pinus radiata stands in 
New Zealand after piling of logging slash and topsoil 
into windrows that removed more Nand macronutri
ents than did harvesting of saw- and chip-log material. 

Herbicides have the least impact on nutrient pools 
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Table 5. Effects of stem harvest, vegetation management, and 
fertilization in the southeastern United States on nitrogen bal
ances after 15 years (from Neary et al. 1984, 1990)a. 

Site preparation 
type· 

Chop, Herbicide 
Chop, Burn 
Windrow (Careful) 
Windrow (Careless) 

Coastal Coastal 
Plain Plain Piedmont 

flatwoods wet flats uplands 
------ Metric tons per hectare ------

+0.123 
+0.063 
-0.222 
-0.449 

+0.147 
+0.083 
-0.058 
-0.674 

+0.106 
+0.045 
-0.264 
-0.354 

a Assumes fertilization with 0.200 metric tons per hectare N (50% 
ecosystem recovery), atmospheric inputs (0.005 metric tons per 
hectare), and fixation (0.001 metric tons per hectare); nutrients dis
placed by windrowing conSidered unavailable. 

(Neary and Michael 1996). Although herbicides do not 
directly affect organic inatter status, they can result in 
some increased nutrient losses via leaching and runoff. 
Herbicides reduce the amount of successional vegeta
tion available to take up nutrients mobilized through 
mineralization processes. They can also stimulate 
some populations of microorganisms involved in the 
N cycle (Neary et al. 1986). This effect is visible in 
increased N losses as nitrate-N, sometimes measured 
after herbicide applications for vegetation management 
and other disturbance activities (Neary and Hornbeck 
1994). 

Biological 

The biological aspects of fire and mechanical and 
chemical site preparation are probably the least well
known impacts on forest soils. Far more literature is 
available on fire than on the other 2 methods. Any 
disturbance that alters the organic matter content, nu
trient content, thermal regime, or moisture regime will 
have an effect on soil organisms. The impacts may be 
stimulatory, or they may depress biological activity. 
Alterations in biogeochemical cycling reflect changes 
in microbial processes. As a disturbance, fire is pro
foundly different in that it has the additional compo
nent of large amounts of heat released in the combus
tion process. 

The effect of fire on soil and forest floor micro
organisms, and the resulting effect on ecosystem sus
tainability, is uncertain and often debated. Studies 
demonstrate that fire. can affect soil microorganism 
populations and species composition depending on the 
intensity of the fire, maximum temperatures, soil water 
content, and duration and depth of heating (e.g., Hun
gerford et al. 1995). Klopatek et al. (1990) found that 
90 days following burning, microbial biomass N was 
greater in burned than in unburned pinyon-juniper 
woodland soils. They found that over time, microbial 
N biomass decreased significantly below preburning 
conditions. Microorganism responses within and be
tween fires on any given site and between sites will 
fall along a spectrum determined by fire severity 
(DeBano et al. 1998). Low-intensity, rapidly moving 
fires, such as in low fuel-load grass understories or 

light prescribed fires, do not have a major effect on 
microbial popUlations. High-intensity fires with long 
durations, such as in mixed conifers with high fuel 
loads or where slash is piled, cause the greatest impact 
on soil microbes (DeBano et a1. 1998, Neary et al. 
1999). 

Fire effects on microorganisms are greatest in or
ganic horizons and the top 1-2 centimeters of soil, 
where microorganism populations are most abundant. 
This zone of maximum microbial activity is where 
heating effects are also the greatest, and where fires 
commonly reach moderate to high severity (Table 3). 
Depending on the microbe, soil heating can be lethal 
(50-210°C) or alter reproductive capabilities (Klopa
teket al. 1988, Covington and DeBano 1990). Where 
temperatures as high as 210°C may be needed to kill 
specific groups of bacteria in dry soils, soil moisture 
can reduce the lethal temperature threshold levels to 
around 110°C (Wells et al. 1979). 

Fire can also significantly alter microbes that af
fect large-scale processes such as nutrient cycling. For 
example, following a moderate- or high-intensity fire, 
the trend is for heterotrophic microbes to decline sig
nificantly. These microbes can be killed directly 
through consumption. Indirectly, heterotrophic mi
crobes can be negatively affected by totally or partially 
oxidizing organic carbon (C) in the soil surface hori
zons and the litter layer. Complete removal of vege
tation can also affect these microbes. In contrast to the 
heterotrophic microbe responses to fire disturbance, 
certain autotrophic microbe populations may increase 
dramatically above prefire levels. Particularly affected 
are organisms involved in N cycling. Vitousek and 
Matson (1985) noted that nutrient immobilization due 
to increased microbial activity is the most important 
process preventing N losses from harvested loblolly 
pine sites. Neary et al. (1986) demonstrated that the 
populations and activity of nitrifying bacteria can in
crease after chemical site preparation. 

The importance of mycorrhizae in ecosystem func
tion is well documented, but the effects of natural dis
turbances, such as fire, have shown contrasting results. 
Until recently, little was known about the response of 
vesicular arbuscular mycorrhizae (V AM) symbionts to 
fire. Klopatek et a1. (1988) found that colonization of 
V AM on host plants was moderately affected at soil 
temperatures <50°C, significantly reduced between 
50-60°C, and severely reduced when burning temper
atures reached 80-90°C. At 94°C there was a total loss 
of V AM. Soil water availability at the time of burning 
played an important role in V AM survival, with dry 
soils being more of a detriment than wet soil because 
of initially higher temperatures in dry soils. 

Invertebrates play an important role in litter de
composition, C and nutrient mineralization, soil turn
over, and soil structure formation. The effects of fire 
on invertebrates and subsequent effects on below
ground sustainability are difficult to assess and sum
marize because of fire severity variability, high prefire 
invertebrate species variability, selective modification 
of the balance of species by fires, and postfire inver
tebrate community response to changes in litter and 
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organic matter (Campbell and Tanton 1981). Indirect 
effects of fire (or mechanical site preparation) such as 
litter mass reduction can decrease both the number of 
species and density of soil and litter invertebrates. Be
low ground dwelling invertebrates that are not highly 
mobile and primarily reside in litter or the surface soil 
horizons are the most vulnerable to the direct effects 
of intense surface fires, ground fires, or mechanical 
disturbance (DeBano et al. c I998). However, as Camp
bell and Tanton (1981) stated, cause and effect of fire 
on invertebrates relative to belowground sustainability 
are difficult to predict. Although short-term reductions 
were noted due to litter warming following canopy 
defoliation, no major changes in litter and soil inver
tebrate diversity or species composition were produced 
by herbicide application to a mixed hardwood-pine 
stand in Georgia (Mayack et al. 1982). 

Vertebrates such as amphibians, reptiles, and ro
dents also participate in the formation or alteration of 
below ground ecosystems and their physical and chem
ical properties. The direct effects of fire on most soil 
vertebrates are minimal because these organisms are 
sufficiently mobile to escape most fires by burrowing 
deep enough into the soil to escape lethal temperatures, 
or can flee burning stands altogether. Indirect effects 
such as habitat loss, food source reduction, exposure 
of soil burrow openings, and increased postfire pre
dation are more effective in reducing vertebrate diver
sity and abundance for several years following fires 
(Ream 1981). 

For all the reasons listed previously, fire tends to 
be more detrimental to invertebrate than vertebrate 
populations. The overall effects of vertebrate popula
tion reductions on below ground sustainability are 
probably insignificant compared to other belowground 
components and processes that are lost or significantly 
altered. 

SITE PRODUCTIVITY 

In most intensively managed forests, some form 
of site preparation is practiced to improve microsite 
conditions, control competing vegetation, or reduce 
logging slash to facilitate planting (Crutchfield and 
Martin 1982). However, site preparation may produce 
adverse effects on site characteristics that control pro
ductivity. Low-severity prescribed fires can have min
imal or no impacts on southern pine overstory trees, 
can have variable effects on hardwoods, and can stim
ulate understory growth. High-severity fires can con
sume much of the residual organic matter in slash, 
litter, and the mineral soil, volatilizing N and leaving 
nutrient-rich ash susceptible to water or wind transport 
off-site (DeBano and Conrad 1978). Soils left bare by 
severe fires increase ·surface runoff and often develop 
water-repellent horizons, thereby making steep-sloped 
sites erosion-prone and drier (DeBano 1981). Mechan
ical site preparation can redistribute organic matter, ef
fectively removing from tree seedlings many times the 
amount of nutrients as whole-tree harvesting (Neary 
et al. 1984). Soils on mechanically prepared sites are 

often left bare and susceptible to surface runoff and 
erosion. Additional machinery passes can increase 
bulk density in susceptible, mainly fine-textured soils, 
significantly reducing both rooting volume and avail
able moisture holding capacity. It should be pointed 
out that on poorly drained soils mechanical site prep
aration is necessary in all except the driest years to 
ensure adequate survival and growth of planted stands 
(Crutchfield and Martin 1982). 

Herbicides do not produce the adverse effects as
sociated with severe fires and mechanical site prepa
ration, and therefore work to minimize impacts on site 
productivity and forest sustainability (Neary et al. 
1990). Herbicide applications to control competing 
vegetation do not disturb the nutrient-rich litter layer, 
do not create additional amounts of bare soil, and do 
not adversely affect watershed condition (Neary and 
Michael 1996). Among other things, soils on recently 
harvested sites treated with herbicides have higher 
moisture contents due to the reduction of surface run
off and of the transpiration component of evapotrans
piration. These soils are better able to supply the nu
trients needed for early growth of the succeeding forest 
crop (Carter et al. 1984, Neary et al. 1990, Smethurst 
et al. 1993). 

Direct evidence of declines in forest stand sustain
ability due to inter-rotation site preparation and vege
tation management is scarce because intensive inter
rotation forestry is a fairly recent management practice 
and good long-term data bases are not available (Pow
ers et al. 1990). Productivity declines of 20-30% due 
to mechanical site preparation have been documented 
(Ballard 1978, Neary et al. 1984, Swindel et al. 1986, 
Powers et al. 1988, Fox et al. 1989, and Dyck and 
Skinner 1990). Increases in the productivity of suc
cessional pine stands after herbicide use in the south
eastern United States have been noted by Knowe et al. 
(1985), Neary et al. (1990), and Bramlett et al. (1991). 

Regarding use of fire for site preparation, results 
are very limited, often ecosystem-specific, and contra
dictory. Results are usually linked to the frequency and 
severity of broadcast or slash pile reduction fires. Nu
trient availability after wildland fire has been docu
mented to increase, decrease, or stay the same (Wilbur 
and Christensen 1985, Binkley et al. 1992, DeBano et 
al. 1998). However, understanding the long-term im
pacts on forest productivity of prescribed fire, as used 
for site preparation, will require much more research 
(Binkley et al. 1993). Although Keeves (1966) and 
Squire et al. (1985) measured postfire productivity de
clines in Australia, Miller et al. (1989) found no clear 
effect of site preparation fires on productivity in the 
Pacific Northwest. McNabb and Cromack (1990) re
ported that forest soils in an Oregon conifer forest 
maintained productivity even after a stand-replacing 
crown fire. In the boreal forests of Canada, fire nor
mally increases productivity by mineralizing nutrients 
locked up in litter and exposing bare soil (Johnson 
1992). In the South, prescribed fire has generally in
creased southern yellow pine productivity (Wells and 
Morris 1982, Wade 1993) and restored productivity to 
mixed hardwood-pine stands declining from past high 
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grading, insect attack, and understory competition 
(Clinton et al. 1993). 

SUMMARY AND CONCLUSIONS 

This paper reviewed the impacts of fire, mechan
ical, and chemical site preparation on forest soils in 
the southeastern United States. The impacts docu
mented in the scientific literature point out the wide 
ranges of impact intensity and duration that are keyed 
to ecosystem, soil type, and treatment severity. Un
derstanding of treatment severity and the subsequent 
physical, chemical, and biological changes in forest 
soils is necessary to explain tree and stand growth re
sponses. Gerierally speaking, the impacts occur on a 
scale of mechanical> fire > chemical. While all 3 site 
preparation types are legitimate silvicultural tech
niques that can be used alone or in combination, forest 
managers must select the appropriate method to 
achieve silvicultural, ecological, environmental, and 
economic objectives for the individual stand. 
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